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The use of Beneficial Microorganisms for Corals (BMCs) to increase the resistance of
corals to environmental stress has proven to be effective in laboratory trials. Because
direct inoculation of BMCs in larger tanks or in the field can be challenging, a delivery
mechanism is needed for efficient transmission of the BMC consortium. Packaged
delivery mechanisms have been successfully used to transmit probiotics to other
organisms, including humans, lobsters, and fish. Here, we tested a method for utilizing
rotifers of the species Brachionus plicatilis for delivery of BMCs to corals of the species
Pocillopora damicornis. Epifluorescence microscopy combined with a live/dead cell
staining assay was used to evaluate the viability of the BMCs and monitor their in vivo
uptake by the rotifers. The rotifers efficiently ingested BMCs, which accumulated in the
digestive system and on the body surface after 10 min of interaction. Scanning electron
microscopy confirmed the adherence of BMCs to the rotifer surfaces. BMC-enriched
rotifers were actively ingested by P. damicornis corals, indicating that this is a promising
technique for administering coral probiotics in situ. Studies to track the delivery of
probiotics through carriers such as B. plicatilis, and the provision or establishment of
beneficial traits in corals are the next proof-of-concept research priorities.
Keywords: Beneficial Microorganisms for Corals (BMCs), rotifers, marine probiotics, Brachionus plicatilis,
Pocillopora damicornis, delivery, coral reefs, microscopy
INTRODUCTION
Coral reefs are increasingly impacted by global climate change, which raises the mean sea surface
temperature (SST) and the incidence of marine heatwaves (Hughes et al., 2018). Due to increases
in the duration and intensity of these thermal stress events, higher rates of coral mortality
have been reported globally (Pandolfi et al., 2011; Duarte et al., 2020). Efforts to mitigate the
negative effects of global changes on coral reefs have led to the implementation of different
strategies in conservation studies. A report published by the United States National Academies of
Sciences, Engineering, and Medicine listed several methods of intervention that are currently being
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studied and developed to increase coral resistance and resilience
(National Academies of Sciences and Medicine, 2019). One
promising approach is the manipulation of different coral-
associated microbes to increase host resistance and resilience
to stressors (Peixoto et al., 2017; National Academies of
Sciences and Medicine, 2019). This strategy relies on key host–
microbiome symbiotic relationships that can be exploited to
increase the fitness of the coral holobiont (Peixoto et al., 2017;
Pita et al., 2018; Wilkins et al., 2019). Coral-associated bacteria
have been shown to fix nitrogen, degrade polysaccharides, and
produce antimicrobial compounds that can inhibit pathogen
growth (reviewed by Peixoto et al., 2017). Although the
ecological relationships, taxonomic composition, and metabolic
pathways of microbial communities associated with corals have
been determined (Rohwer et al., 2001; Bourne and Munn,
2005; Sánchez-Quinto and Falcón, 2019), the selection and
use of specific microorganisms as probiotics for corals on
an ecologically relevant scale is a relatively new field of
research (Teplitski and Ritchie, 2009; Santos et al., 2015;
Peixoto et al., 2017; Damjanovic et al., 2019; Rosado et al., 2019).
Selection and manipulation of specific members of the
resident coral microbiome to mitigate the effects ofthermal
stress on the animal health was proposed by Peixoto et al.
(2017). The coral-associated bacteria are chosen as beneficial
microorganisms involved in the protection, health maintenance,
and growth of corals (Rosado et al., 2019). Administering
Beneficial Microorganisms for Corals (BMCs) has helped to
increase coral resistance against different threats, such as oil
contamination, disease, and thermal stress (Santos et al., 2015;
Rosado et al., 2019). In these proof-of-concept experiments,
a consortium containing BMCs was concentrated and applied
directly to corals and the surrounding water, without a biological
carrier system (Rosado et al., 2019). Although possible delivery
systems have been proposed for closed- and open-water systems
(see Peixoto et al., 2017), there is still a lack of studies on potential
effective strategies for BMC delivery to corals in aquarium
or field settings.
In humans, probiotic foods and beverages are common ways
to deliver Lactobacillus species (Roobab et al., 2020) and other
beneficial bacteria to improve health (Dunne et al., 1999; Casas
and Dobrogosz, 2000; Stolzenbach et al., 2020). Likewise, small
organisms such as brine shrimp (Artemia), rotifers, and copepods
can be used as vectors for transmitting probiotic bacteria to
larger animals in aquaculture, such as fish (Planas et al., 2005,
2006; Sun et al., 2013; Hai, 2015), prawns (Hai et al., 2010), and
lobsters (Daniels et al., 2013). Here, we evaluated the potential
of the rotifer Brachionus plicatilis (Figure 1 and Supplementary
Figure 1) as a vector for delivering BMCs into corals by
feeding the rotifers with a previously validated BMC consortium
assembled by Rosado et al. (2019), and tracking the uptake of
rotifers by the coral Pocillopora damicornis.
MATERIALS AND METHODS
The steps described in the next topics are summarized in the
flowchart shown in Figure 1.
Rotifer and Coral Cultures
Brachionus plicatilis rotifers and P. damicornis nubbins were
cultured at the Rio de Janeiro Marine Aquarium Research
Center (AquaRio). Rotifers were cultured in natural seawater,
at a temperature of 25◦C, salinity of 3.2%, in the dark. Water
circulation and oxygenation were produced by bubbling air with
an air pump. Using standard culture conditions, rotifers were
fed daily with 100 mL of a culture of the alga Tetraselmis
gracilis containing 106 cells mL−1. Conversely, before starting
the experiment, rotifers were transferred to 1 L containers
with oxygenation produced by bubbling air with an air pump.
The container was kept in the dark to avoid the growth of
photosynthetic organisms. Rotifers were kept under starvation
by culturing them in 0.22-µm daily filtered seawater, for a 7-
day period.
Corals were kept in tanks containing 100L of seawater at 25◦C,
salinity of 3.2%, light intensity of 200 µmol m−2 s−1, and water
recirculation by circulation pumps. Twenty percent of the water
in the coral tank system was exchanged every 7 days. Corals were
fed daily with 100 mL of a culture containing 200 rotifers mL−1
under standard culture conditions (i.e., not starved).
BMC Uptake by Rotifers
The seven strains of bacteria used in the experiment were isolated
by Rosado et al. (2019) and stored in the microbial collection
of the Microbial Molecular Ecology Lab (MMEL), UFRJ, Rio de
Janeiro, Brazil. This consortium was composed of five strains of
Pseudoalteromonas spp., isolated from P. damicornis; plus one
strain of Cobetia marina and one strain of Halomonas taeanensis,
isolated from the artificial seawater surrounding P. damicornis.
The accession numbers of each isolate and their classifications
according to their 16S rRNA gene sequences are provided in
Supplementary Table 1.
Localization of the BMC Consortium
Associated With Rotifers
To prepare the BMC consortium assembled by Rosado et al.
(2019), individual BMC strains were first grown in Marine Agar
(MA) medium to evaluate purity. Sterile inoculation loops were
used to pick single bacterial colonies of each strain from the MA
plates, and the cells were inoculated into 5 mL of Marine Broth
(MB) medium. Cultures were grown overnight at 26◦C, and 1%
(v/v) of each strain was individually inoculated into 100 mL of
MB medium in a 250-mL culture flask and incubated at 26◦C with
agitation of 100 rpm until each culture reached 107 cells mL−1.
The cells were collected by centrifugation at 12,000 × g for 5 min
at 4◦C and washed twice under the same conditions with sterile
saline (2.5% w/v NaCl) to remove the culture medium. All cells
from each culture were homogenized together, resuspended in a
final volume of 40 mL of saline solution (2.5% w/v NaCl), and
stored at 4◦C until used in the experiment, which occurred on
the same day of the preparation of the cells.
Fluorescence and differential interference contrast (DIC)
images were obtained with a Zeiss Axio Imager D2 microscope
(Zeiss, Germany). Fluorescence filters used were: (i) Filter set
10 (excitation: BP 332 450–490 nm; beam splitter: FT 510 nm;
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FIGURE 1 | Flowchart showing all treatment steps: (1) BMC strains were isolated from the coral Pocillopora damicornis by Rosado et al. (2019) and deposited in the
microbial collection of the Microbial Molecular Ecology Laboratory (MMEL), UFRJ, Rio de Janeiro, Brazil; (2) Rotifers Brachionus plicatilis were cultured at the Rio de
Janeiro Marine Aquarium Research Center (AquaRio) and incubated with the BMCs from the MMEL collection. Two different methods were used to assess
rotifer-BMC interactions: fluorescence microscopy (using the LIVE/DEAD BacLightTM Bacterial Viability Kit) and scanning electron microscopy (SEM); (3) Nubbins of
P. damicornis were cultured at AquaRio and transferred to aquarium for the interaction experiment with rotifers B. plicatilis. Video and still images of the polyps
capturing the rotifers show that the corals were able to take up the rotifers.
emission: LP 515 nm); and (ii) Filter set 00 (excitation: BP 546/12;
beam splitter: FT 560; emission: BP 575–640 nm).
Based on initial trials, rotifers were starved for 7 days
before use in experiments, to limit their autofluorescence by
food ingestion. The viability of the rotifers after 7 days of
starvation was determined by observing their mobility and cilia
beating, using DIC microscopy. The LIVE/DEADTM Bacterial
Viability Kit (Thermo-Fisher Scientific, United States) was used
to stain BMCs, following the manufacturer’s protocol. BMCs
were washed in sterile seawater to remove excess stain prior
to delivery to the rotifers. For BMC-rotifer interactions, the
stained BMC homogenized consortium (100 µL of a suspension
containing approximately 107cells) was inoculated into a 2-
mL polypropylene tube containing 900 µL of seawater and a
concentration of 70 rotifers mL−1. Promptly after inoculation
(around 10 min), a 20-µL aliquot of BMC-rotifer suspension
was mounted on a glass slide, alongside a control with unstained
bacteria, and both preparations were observed by means of
fluorescence microscopy.
The interactions between rotifers and BMCs were also
observed using scanning electron microscopy (SEM). Images
were produced from two periods: 4 and 16 h following incubation
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of the BMC consortium and the rotifer cultures. Starved rotifers
without BMC inoculation were used as a control treatment,
and performed in parallel with the rotifer-BMC interaction
treatments. BEEM-modified capsules (pre-shaped polyethylene
molds with hinged lids) with a 100-µm polyester mesh filter were
used to initiate the sample treatment procedure for SEM. The
rotifers were fixed in 2.5% glutaraldehyde and 0.1 M sodium
cacodylate buffer for 1 h and then washed three times with
0.1 M sodium cacodylate buffer solution and sterile seawater.
Samples were post-fixed using 1% osmium tetroxide for 1 h at
room temperature and washed three times with 0.1 M sodium
cacodylate buffer solution and sterile seawater. A series of
dehydration washes were performed in ethanol (30, 50, 70, 90,
and 100% concentration) for 10 min each, with the final 100%
ethanol step repeated three times. Samples were CO2 critical-
point dried, metallized with gold, and observed in an EVO MA10
scanning electron microscope (Zeiss, Germany) with a voltage
between 1 and 30 kV.
Coral Uptake of BMC-Enriched Rotifers
To monitor uptake of rotifers by corals, one nubbin of
P. damicornis was transferred to a 1-L aquarium containing
0.22 µm filtered natural seawater at 25◦C, salinity of 3.2%,
and a magnetic stirrer to circulate the water. To normalize
the concentration of rotifers/mL, the culture was filtered using
100 µM, and reinoculated in 50mL of 0.22 µm filtered
natural seawater. The concentration of rotifers was calculated
by counting the number of rotifers in 3 × 1 mL replicates of
water samples from the previously concentrated samples, using
a stereomicroscope (Digilab Zoom binocular stereomicroscope,
Brazil). Appropriate dilutions were performed to achieve the
desired final concentration of 200 rotifers mL−1. Before added
to the coral aquarium, 100 mL of the culture, containing ∼20,000
rotifers, was washed twice in 0.22-µm filtered seawater to clean
the maximum of autofluorescence particles that could interfere
with the results. Also, the 10-cm coral nubbin acclimatized in the
aquarium for 20 min before the rotifers were inoculated. Video
and still images to search for in vivo evidence of rotifer uptake by
the corals were taken with a USB digital microscope (Digital USB
Microscope, Alloet, China).
RESULTS
Brachionus plicatilis rotifers cultured under standard conditions
(natural unfiltered seawater, at 25◦C, salinity of 3.2%) and fed the
alga Tetraselmis gracilis displayed autofluorescence signals due
to uptake of the algae, which contain photosynthetic pigments
that are naturally fluorescent (Figures 2A–C). After 7 days of
starvation in 0.22-µm filtered seawater, the rotifers displayed
no signs of autofluorescence as confirmed by epifluorescence
microscopy (Figures 2D–F).
The LIVE/DEAD bacterial assay was used to demonstrate
that the members of the BMC consortium, containing five
strains of Pseudoalteromonas spp., one of C. marina, and one
of H. taeanensis (Supplementary Table 1), were viable prior
to addition to the rotifer cultures (Figure 3). Using the same
staining assay, the uptake of fluorescently stained BMCs by
FIGURE 2 | Brachionus plicatilis in standard culture conditions observed in differential interference contrast (DIC) (A) and fluorescence microscopy, using the Filter
set 10 (Zeiss, Germany) (B) and the Filter set 00 (Zeiss, Germany) (C). Note that the internal structures of the rotifer show high autofluorescence signals at the same
wavelength as both stains used in the LIVE/DEADTM BacLightTM Bacterial Viability Kit. This shows that the rotifers take up microbes containing pigments with
autofluorescence, probably photosynthetic microorganisms. B. plicatilis cultured after fasting, observed in differential interference contrast (DIC) (D) and fluorescence
microscopy using the GFP filter (E) and the Rhodamine filter (F). Note the absence of autofluorescence after starvation. This shows that the starvation period was
crucial for the success of the experiment.
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FIGURE 3 | Brachionus plicatilis after incubation with the BMC consortium previously stained with the LIVE/DEADTM BacLightTM Bacterial Viability Kit observed in
differential interference contrast (DIC) (A) and fluorescence microscopy, using the Filter set 10 (Zeiss, Germany) (B) and the Filter set 00 (Zeiss, Germany) (C). Using
this kit, viable bacteria cells stain in green while dead cells stain in red. Note that the rotifer ingested a large number of viable bacterial cells (stained in green),
resulting in accumulation of stained cells in the stomach and intestine. Bacterial cells also accumulated on the surface of the rotifer, suggesting another possible
means of transport of BMC cells.
starved rotifers was observed, using fluorescence microscopy.
Large numbers of bacterial cells were ingested within a few
minutes after the BMC consortium was inoculated into the rotifer
culture (Supplementary Video 1). In parallel, we were able to
follow the pathway of BMCs into the rotifer digestive system
in vivo, by observing the accumulation of fluorescence in their
digestive tract. In addition, we observed strong fluorescence on
the external surface of the rotifer body, likely due to the presence
of stained BMCs on these surfaces (Figure 3).
Controls (starved, non-BMC-inoculated rotifers) can be
visualized with under SEM and show no bacteria interacting with
rotifers (Figures 4A,B). Contrarily, SEM revealed the presence
of bacteria attached to the corona cilia and rotifer surface after
4 h of interaction (Figures 4C,D); after 16 h, bacteria were
also observed on the body surface (Figure 4E) and corona
cilia (Figure 4F).
Finally, rotifers fed with BMCs were added to an aquarium
containing nubbins of P. damicornis. Using the digital
microscope, polyps were seen capturing and ingesting the rotifers
containing BMCs (Figure 5 and Supplementary Video 2).
DISCUSSION
Rotifers are commonly used in aquaculture settings to feed
fish and shrimp larvae because they are easy to grow, and,
through diet supplementation, they can deliver essential nutrients
(Lubzens et al., 1989). Brachionus plicatilis has been widely used
for these purposes because of its indiscriminate feeding behavior
(Watanabe et al., 1983; Costa et al., 2016) and tolerance to
a wide range of salinity levels, making it an ideal organism
for transitioning between culture settings and field applications
(Lowe et al., 2005).
In this study, we aimed to alter the internal microbiome of
B. plicatilis to use this species of rotifer as a possible vector
for delivery of specific beneficial bacteria to corals. Previous
studies have shown that rotifers are hosts to several symbiotic
bacteria, but gnotobiotic rotifers are relatively easy to obtain
by changing the composition of their diet (Tinh et al., 2006;
Qi et al., 2009). Additionally, it has been shown that Lactobacillus
probiotic treatment, delivered by rotifers, positively affected
growth, survival, and resistance of western white shrimp in
aquaculture (Najmi et al., 2018). Here, we show that the BMC
strains isolated from corals seemed to accumulate inside and
outside the rotifers body in a stable way, suggesting that rotifers
are also a promising vector to deliver probiotics for corals.
However, further studies need to be performed to elucidate the
viability of the bacteria delivered by the rotifers in the coral body.
By optimizing this rotifers-based delivery system and selecting
BMC strains with potential to face specific threats, we hope to be
able to increase coral resistance against adverse stress conditions,
such as ocean warming, diseases, and toxic compounds.
A high proportion of the inoculated BMC consortium likely
remained viable throughout the duration of the experiments.
The BMC consortium was live/dead-stained prior to inoculation
into the rotifer culture, to avoid staining non-BMC bacteria
associated with the native rotifers. This confirmed the viability of
the BMC bacteria prior to inoculation, although we were unable
to determine the viability of BMCs within the rotifers after the
uptake. The ingestion rate of the rotifers is indirectly related to
digestion and nutrient assimilation rates (Salt, 1987). The 7-day
starvation period followed by the high availability of BMC cells
potentially increased the rate of bacterial ingestion by the rotifers,
and, in parallel, decreased the digestion and assimilation rates
(Salt, 1987), thereby prolonging the survival of ingested BMCs.
The bacteria selected to be part of the BMC consortium
consisted of five strains of Pseudoalteromonas spp., one of C.
marina, and one of H. taeanensis, that, as a consortium, have been
used to mitigate the harmful effects of the coral pathogen Vibrio
coralliilyticus in a high-temperature stress scenario (Rosado
et al., 2019). Strains of Pseudoalteromonas species have been
commonly observed adhering to the surfaces of eukaryotic cells
(Holmström and Kjelleberg, 1999; Thomas et al., 2008; Goulden
et al., 2013). For example, a probiotic strain of Pseudoalteromonas
selectively attached to external surfaces of both the vector
organism Artemia and lobster larvae, when introduced as part
of a probiotic mixture (Goulden et al., 2013). Here, a strong
fluorescent signal consistent with stained bacteria was observed
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FIGURE 4 | SEM showing interaction between rotifer Brachionus plicatilis and BMCs. Control, with no bacteria visible on the surface of B. plicatilis (A). Higher
magnification of control rotifer, showing no bacteria adhered to the corona cilia (B). Rotifer interaction with BMCs after 4 h (C,D). Higher magnification shows BMCs
with rod-shaped bacteria adhered to the rotifer surface (C) (white arrowheads). Corona cilia, showing no BMCs adhered to the rotifer corona cilia (D). Rotifer
interaction with BMCs after 16 h, showing rod-shaped bacteria adhered to the rotifer surface (E) and corona cilia (F) (white arrowheads).
on the external surfaces of the rotifers, and these were potentially
some of the Pseudoalteromonas spp. strains present in the
BMC consortium (Figure 3). Many Pseudoalteromonas strains
produce antifouling compounds that can prevent the growth or
adhesion of other microorganisms (Holmström and Kjelleberg,
1999; Holmström et al., 2002), including a class of bacteriostatic
and amphiphilic anti-Vibrio molecules (Aranda et al., 2012). The
Pseudoalteromonas spp. strains included in the BMC consortium
may therefore be able to suppress unwanted surface attachment
to BMC-enriched rotifers by other opportunistic bacteria before
the rotifers are ingested by corals. Pseudoalteromonas spp. strains
also protect the gastric region in corals by killingVibrio pathogens
at high temperatures (Tang et al., 2019). All BMC strains used in
this study also possess high catalase activity, which can reduce
damage from reactive oxygen species (ROS) that are produced
in response to stress on the coral (Peixoto et al., 2017; Rosado
et al., 2019). Six of the strains (five Pseudoalteromonas spp.
and one Halomonas taeanensis) contain enzymes involved in
nitrogen fixation or sulfur cycling (Rosado et al., 2019), metabolic
processes that may underpin nutrient cycling within the coral
holobiont (Raina et al., 2009; Rädecker et al., 2015).
Beneficial Microorganisms for Coral studies are targeted
toward delivering microbial communities with traits that
promote coral health. Delivery of these BMCs through prey items
such as rotifers has proven to be possible, with P. damicornis
corals readily ingesting the rotifers, representing a promising
directed-delivery system for bacteria that provide putative
beneficial functions for corals. The rotifer itself also provides
a nutritional benefit to stressed corals. For example, Acropora
cervicornis increased its feeding rate of the rotifer B. plicatilis
under high CO2 conditions, and this raised the coral’s total
lipid content, which can be a proxy for coral health (Towle
et al., 2015). The next steps in establishing this proof of concept
consist of determining whether the BMCs delivered through
prey items such as rotifers can establish a symbiosis with the
coral and provide benefits to the host, and the duration of these
associations and benefits.
In summary, this study demonstrated that BMC-enriched
rotifers can serve as direct vectors for delivering BMCs to
the coral P. damicornis. The rotifers freely ingested the BMC
consortium, which accumulated in the digestive tract and on the
surface. The rotifers were also captured and ingested by the coral
polyps, demonstrating the efficacy of using rotifers as a BMC
delivery system. These observations represent a step forward in
the administration of coral probiotics, which has the potential to
increase the persistence and resistance of corals. These findings
are also important for probiotic delivery to a wide range of
aquaculture species for which rotifers are used as live feed.
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FIGURE 5 | Stages of capture of the rotifer Brachionus plicatilis by the coral Pocillopora damicornis. (A) Coral polyp starting to contract after capturing the rotifer
(white arrowhead); (B) Polyp totally contracted, engulfing the rotifer; (C) The contracted polyp (white arrowhead) and rotifers swimming around the colony (white
circle); (D) Coral polyps widely extended to capture the rotifers (white circle).
Further studies to test this approach in the field and to determine
whether BMCs delivered via rotifers are able to establish within
the coral microbiome will advance our knowledge of the proper
administration of beneficial microorganisms in situ.
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Supplementary Figure 1 | Differential interference contrast (DIC) of the rotifer
Brachionus plicatilis. The image was taken with a Zeiss Axio Imager D2
microscope (Carl Zeiss, Oberkochen, Germany). Visible morphological features
include the corona cilia (purple arrowhead), mouth (blue arrowhead), eye (red
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arrowhead), mastax (yellow arrowhead), intestine (green arrowhead) and anus
(orange arrowhead).
Supplementary Table 1 | BMC strains isolated by Rosado et al. (2019) used in
this experiment and their respective accession numbers.
Supplementary Video 1 | In vivo fluorescence microscopy showing the
fluorescently stained BMCs being ingested by the starved rotifer within 10 minutes
of the interaction. The video was recorded with a Zeiss Axio Imager D2
microscope (Carl Zeiss, Oberkochen, Germany) fitted with a GFP filter. (GFP filter
details: Zeiss filter set 09 - Excitation: BP 332 450–490 nm; Beam splitter: FT
510 nm; Emission: LP 515 nm).
Supplementary Video 2 | Pocillopora damicornis polyps capturing Brachionus
plicatilis rotifers. The video was recorded with a digital USB microscope
(Alloet, China).
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